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SUMMARY 

Except f o r  mugh approximations, it appears  necessary t o  account f o r  
va r i a t ions   i n  combustion-gas properties when d i f fe ren t   fue ls  are applied 
in   t u rbo je t  and ram-jet  cycle  calculations.  Representative  cycle  per- 
formance i s  presented  using hydrogen, pentaborane,  ethylene  decaborane, 
and a conventional hydrocazbon f u e l .  Turbo jet performance is given up 
t o  8. f l i g h t  Mach  number of 3.0, both with and without  afterburntng. Ram- . 
jet  performance is  given up t o  a Mach nuuiber of 4.0. When compared with 
the hydrocarbon fue l ,   the  t h r u s t  per pound of a i r f l o v  and engine  over- 
all efficiency, with other  fuels, may be  e i ther  higher o r  lower  depending 
on the  operating  conditions.  Differences of as much as 10 percent  or 
more are found i n  some cases. 

INTRODUCTION 

The use of high-energy f u e l s   i n  aircraft propulsion  systems i s  
currently  receiving much attention  because of the possibil i t ies  they  pro- 
vide  for  decreased  fuel consumption and increased  alt i tude  capabili ty.  
Rough.estimates of engFne performance  using  various  fuels  usually assume 
that the   th rus t  i s  independent of the fuel   type and the   spec i f ic  f u e l  
consumption is  inversely  proport ional   to  the heating  value. This corre- 
sponds t o  assuming a constant  engine  over-all  efficiency (where over-all  
efficiency is  defined as the  net  propulsive work produced  by the engine 
divided  by  the  heat  content of the fuel  used).  I n  some cases$ however, 
the changes i n  exhaust-gas  properties and m a s s  addition uith various 
f u e l s  may resu l t   in   s ign i f icant   d i f fe rences  i n  thrus t  and over-al l  effi-  
ciency, which should  be  considered in more precise  studies. 

. .  

In the  course of several projects   recent ly  conducted at the NACA 
Lewis laboratory, a number of engine  cycle  calculations  using  various . 
fue ls  was  made. These data have been  collected  for  presentation i n  this 
report  t o  i l l u s t r a t e   t h e  performance. of turbojet  and ram-jet cycles 
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ut i l iz ing  several  of the  more promising  high-energy f u e l s .  Resu l t s  are 
presented Fn term of engine  over-all  efliciency and t h r u s t  per pound of 
airflow a8 functions of f l i g h t  Mach  number. Effects of f u e l  type on flow C 

areas,  turbine  operation, and BO forth, are not- included. 

c. 

The fuels  considered are hydrogen, pentaborane, and ethylene  deca- 
borane. A conventional  hydrocarbon  fuel, CH2, being representative of , 
the JP-4 and JP-5 Je t  f u e l s ,  i s  a l s o  included  for comparison. 

Turbojetrcycles were calculated with these   fue ls   for  Mach numbers 
up to 3.0, both  nonafterburning and with afterburning t o  3500’ R. Sev- 
e r a l  compressor pressure  ratios and turbine-Inlet  temperatures were con- 
sidered. Ram-jet cycles were calculated up t o  a Mach number of 4.0, with 
combustion temperatures from 1500° to 4000° R. Calculations assuming both 
frozen and equilibrium  expansion were m a d 2  -to  .€nvestLgate :the importance 
of B20g-phase- changee fo r  the boron-containing f’uels. 

SyE4BoLs 

F/wa engine thrust   per  pound of airflow,  lb/(lb/sec) 

f fue l - a i r   r a t io  

63 acceleration due to   gravi ty ,  32.174 f%/sec 

H lower heating  value of fuel,  3tu/lb 

2 

J -  mechanical equivalent of heat, 778 ft-lb/Btu 

M Mach number 

sf c specific f u e l  consumption, (Ib/hr)/lb 

v velocity,   f t /sec 

7 over-all   efficiency 

Subscripts : 

e nozzle ex i t  

0 .  f r ee  stream 
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c ANhYSIS 

U The engine  cycle  analyses were carried  out by  computing the change 
i n   s t a t e  of the  working fluid  in  passing  through  the  various  engine com- 
ponents. The required thermodynamic gas  properties were taken from t h e  
tables  of  reference 1. The e f f ec t s  of chemical dissociation were neg- 
lected. However, account was taken of the  vaporization of the so l id  ' B2O3 present in the combustion products of the fuels  containing  boron. 

Cycle thrust   per pound of airflow and over-all   efficiency are de- 
fined by the followlng expressions: 

3 
2 
P The nozzle-exit  velocity term Ve appearing i n  the equation  for 
G cycle  thrust   per pound of airflow F/wa is the product of the  nozzle 
5 t h r u s t  coefficient and the  ideal completely expanded Jet velocity. 
I In t h e  calculations it w a s  assumed t h a t  the use of t h e  high-energy 

fuels   did.not  alter the performance  of the varlous  engine components. 
For example, the   poss ib i l i ty  of a deleter ious  effect  of s o l i d  combustion 
products on t u r b i n e  performance was  ignored. Also, the same couibustion 
efficiency w a s  assumed fpr all fuels,  although the high-energy f u e l s  are 
expected t o  be better i n  this regard at high-altitude  conditions  than 
the  conventional  hydrocarbons. 

The lower  heating  values  used for  the various  fuels are as follows: 

Fuel Lower heating  value, 
H, 

Btu/Lb 

J 

Hydrocarbon, CH2 

' Hydrogen, Hz 

Pentaborane, B5Hg 

Ethylene  decaborane, $oH13C2Hg 

18,700 

51,570 

29,160 

26,460 
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The heating  value assumed for  ethylene decaborane is that for  the  pure 
substancej  presently  available commercial grades of this fue l  (EDB) have 
exhibited values of something less than 25,000 Btu per pound. 

I n  most- cases  considered, t h e  eame f u e l  was used in both  the  primary 
combustor and the  afterburner of the  turbojet .  One case was investigated, 
however, i n  which hydrocarbon f u e l  was used i n  the primary combustor and 
pentaborane i n   t h e  afterburner. For t h i s  case  the  average  heating value 
can  be found  from the  following  expression: 

H =  '3CHHC 'PHI? 
fHc + fP 

where the  subscripts HC and P r e fe r  to hydrocarbon and pentaborane, 
respectively. 

The data  presented  apply  for any a l t i t ude   i n  the stratosphere f o r  
fue ls  that do not contain boron.  There I s .  BP .e;Ltitude_effect, however, 
on cycle--performance with boron-containing f u e l s .  One of the combustion 
products is B2O3, which i s  a eolFd at room temperature. A t  the  higher 
temperatures  considered i n  the combustion chamber, the B203 t h a 6 i 8  
formed tends  to  vaporize. Th i s  vaporization is encouraged both  by  higher 
combustion temperatures and by  lower  combustion pressures. The thermal 
energy  absorbed  during  vaporization i s  not  available  for producing t h r u s t  
and may be  interpreted as a decrease in  effkctive  heating  value.  Most 
of the  calculations were made f o r  an a l t i t ude  of 40,000 feet .   Several  
other  al t i tudes were consfdered for the  pentaborane-fueled ram Jet  i n  
order to   inves t iga te  the  importance of t h i s   a l t i t ude   e f f ec t .  

As th*combuetion  products are  expanded i n   t h e  exhaust  nozzle,  the 
resulting  temperature drop tends t o  condense the  vaporized B203, and the 
heat of condensation is  made partially  available  for  producing  thrust  
(equilibrium  expansion). Inasmuch as the  gas velocity  through  the  nozzle 
is very  high, however, insufficient  time m a y  be ava i lab le   in  eome cases 
f o r  the B2O3 t o  condense,  and the  B f l 3  remains i n  the phase i n  which it 
le f t  t he  combustion chamber (frozen  expamion). For the  boron fuels,  
thereFore,  performance for  both  equilibrium and frozen  expaneion was 
investigated. 

The important component aseurrrptione made for the  two engine  types 
were as follows. 
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r! 
TurboJet Assumptions 

a In le t .  - The inlet-diffuser  pressure  recovery w a s  scheduled with 
f l i g h t  Mach number as shown i n   f i g u r e  1. These values  are  representative 
of a diffuser  having two oblique  shocks and  one normal shock. 

Compressor. - The compressor adiabatic  efficiency was  taken as 0.85 
f o r  all cases. The a c t u a l  pressure  ra t io  of a given compressor deviates 
from the rated (i.e., sea-level s t a t i c )  value as the  flight conditions 
are changed. The var ia t ion  of operating compressor pressure  ratio  with 
f l i g h t  Mach number is shown i n  figure 2 f o r  several values of rated  pres- 
sure r a t io .  The i l l u s t r a t ed   va r i a t ions  are based on t h e  assumptions  of 
f l ight   in   the  s t ra tosphere,   constant  mechanical  speed, choked turbine 
nozzles, and a typ ica l   var ia t ion  of  equivalent  airflow with equivalent 
compressor speed. A given value of rated compressor pressure  ra t io  
corresponds t o  a specific  engine  design, and changes i n  rated compressor 
pressure  ra t io  would require a completely  redesigned  engine.  For hydro- 
carbon and  hydrogen f u e l s ,  rated compressor pressure  ratios of 4, 8, and 
1 2  were considered  over the e n t i r e   f l i g h t  Mach nmiber range. For the  
boron-containing f u e l s ,  only one rated  pressure  ra t io  was considered at - each f l i g h t  Mach number as given i n  the  following table: 

Flight Mach  number Rated pressure  ra t io  

1.0 

1.5 

12 

12 

- .  
These selected  rated pressure  ratios  represent a compromise between 
maximum thrus t  and over-all  efficiency. The corresponding compressor 
operating  pressure  ratios may be obtained from f igure  2. 

Primary combustor. - The combustion e f f ic iency   ( ra t io  of ideal t o  
a c t u a l  fuel-air r a t io s )  was  taken as 0.95. The r a t i o  of  combustor-exit 
t o  -inlet to t a l   p re s su re  w a s  assumed t o  be 0.95. 

-. 
Turbine.  - An adiabatic  efficiency of 0.90 was assumed. 

* .  Afterburner. - The combustion efficiency was assumed t o  be 0.90. 
A loss of 0.05 in   total-pressure  ra t io   acrosa the afterburner was as- 
sumed to account for   bo th   f r ic t ion  and momentum pressure loss. 
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Exhaust  nozzle. - The nozzle thrust  coeff ic ient   ( ra t io  of actual 4 

t h r u s t   t o  i d e a  thrust if-completely expanded t o  ambient pressure) was 
taken as 0.96. 

L '  

Ran-Jet Assumptions 

In l e t .  - The same inlet character is t ics  were assumed as fo r  the 
turbo jek.  

Combustor. - Conibustor-inlet Mach number-was taken 8s 0.175. A com- 
bustion  efficiency-of 0.90 w a s  assumed, with a flameholder  drag of twice 
the-  incompressible dynamic head. A further momentum pressure loss due 
to heat addition was included. 

Exhaust  nozzle. - The same exhaust-nozzle  characteristics were 
assumed as fo r  the turbojet .  

RESULTS AND DISCUSSION 

Turbo jet  Performance 

Performance  of turbojet   cycles wing hydrocarbon f u e l  i s  shown i n  
figures 3 and 4 3  performance using hydrogen is shown i n  figures 5 and 6. 
T h r u s t  per pound of airflow and engine  over-all  efficiency axe plot ted 
against f l i g h t  Mach  nuuiber f o r  several rated compressor pressure  ratios.  
Figures 3 and 5 me f o r   t h e  nonaf'terburning case, and figures 4 and 6 
a r e   f o r   m e r b u r n i n g   t o  a temperature  of 3500° RI Par ts  (a), (b) , and 
( c )  are for  turbine-inlet  temperatures of 2000°, 250O0, and 3000° R, 
respectively. 

I 

c 

t 

Performance of the  af terburning  turbojet   cycle   ut i l iz ing 8 hydro- 
carbon f u e l  i n   t h e  primary combustor and pentaborane i n  the  afterburner 
i s  shown i n   f i g u r e  7. Interest i n  t h i s  case stems largely frompossfble 
adverse effects of' boron  oxide  deposition on turbine performance.  Thrust 
per pound of airflow and engine over-all efficiency are 6 h 0 ~ n  in f igure 
7 (a) for equilibrium  expansion i n  the  exhaust nozzl-e, t h a t  is, assuming 
t ha t  any vaporized B2O3 in   the   a f te rburner  h w  suf f ic ien t  time t o  con- 
dense during expansion. Figure .i'(b) presents similar data f o r  frozen 
expansion i n   t h e  exhaust  nozzle. It was assumed t h a t   t h e  composition 
was i n  equilibrium at the combustion-chauiber-outlet conditions and t h a t  
t he  relative  proportions of vaporized and condensed B2O3 did not. change T 

during  expansion. The required  primary and af'terburner fuel-air r a t i o s  
shown i n  figure 7(c)  apply  to  both  equilibrium and frozen  expansion. 
Comparison of figures 7( a) and (b)  indicates   that ,   for   the  a l t i tude con- 
sidered (40,000 ft) ,   both  equilibrium and frozen  expansion yield about 

. - - - - " - . . " .. .. "" - ... . I  . . . . -. - 
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el the  same performance. T h i s  would not  necessarily be the  case for   other  
a l t i tudes.  This ef fec t  i s  more completely  considered in & subsequent 

A discussion of a pentaborane-fueled ram jet. 

Afterburning and nonafterburning  turbojet  cycle performance f o r  two 
turb ine- in le t   t eqera tures  is shown fn  figure8 8 and 9 f o r  pentaborane 
and ethylene  decaborane  fuels,  respectively. The case of equilibrium 
nozzle  eqansion i s  given i n   p a r t  (a) and frozen  expaneion in par t  (b) . 
The equilibrium and f rozen  eaansion refers only t o  the exhaust  nozzle, 
because  neither primary-combustor temperature i s  high enough t o  vaporize 
any s ignif icant   port ion of t h e  B$3 enter ing  the turbine.  

The ef fec t  of f u e l  type on turbojet   cycle performance is summarized 
i n   f i g u r e  10 at a turbine-inlet  temperature of 2500° R. Rated compressor 
pressure  ra t io  i s  varied with flight Mach  nuuiber f o r  all the  fue l s  
according t o   t h e  table i n  the ANALYSIS. Equilibrium  expansion i n  t he  
exhaust  nozzle i s  assumed fo r   t he  boron-containing  fuels.  For a l l  f u e l  
types the t h r u s t  per pound of airflow  decreases  approximately  linearly 
with  increasing Mach number. For the  afterburning case, engine  over-all 
efl iciency  increases  nearly  l inearly with Mach number i n   t h e  range con- 

t o  l eve l   o f f  at the  higher Mach numbers. 
- sidered. For the  nonafterburning  case,  engine  over-all  efficiency  tends 

- Variationn i n  thrust  per pound of airflow and engine over-all effi- 
ciency of as much as 10 percent are observed when d i f fe ren t   fue ls  are 
used. These var ia t ions   resu l t  f r o m  changes i n  mass addition,  specific 
heat, and gas  constant  for the combustion products. The magnitude  of 
t h e  differences and even the comparative rank of the f u e l s  vary  with the 
engine  operating  conditions. In  general, hydrogen fuel  appears  to  pro- 
vtde somewhat improved t h r u s t  per  pound of airflow and approximately 
equal  over-all  efficiency when compared wlth a hydrocarbon fuel.  Per- 
formance using  the  boron-containing f u e l s  appears similar t o   o r   s l i g h t l y  
i n f e r i o r   t o  that with the  hydrocarbon fuel .  The assumption  of  frozen 
nozzle  expansion would tend   to  worsen t h e i r  performance still further.  
O f  course, these differences  in  engine  over-all   efficiency  for the vwi- 
ous fuels ,  though significant,  are small compared with the differences 
i n  heating  value. 

The ef fec t  of changes i n  rated compressor pressure  ra t io  is shown 
i n  figure 11 f o r   f l i g h t  Mach number of 3.0. Data are gLven for   both 
hydrogen and hydrocarbon fuels.  Parts (a) and (b) show nonmerburning 
performance for   turbine- inlet  temperatures of 20000 and 3000° R, respec- 

afterburning  to 3500° R. For the  nonafterburning  cycle, maximum over-all 
efficiency  with  both  fuels  occurs at higher  pressure  ratios  than  those 
f o r  maximum thrust.  For  the  afterburning  cycle,  both  the  thrust  per 
pound of airflow and the  over-all   efficiency are relat ively  insensi t ive 
t o  changes i n  pressui-e r a t io   fo r   bo th  f u e l s .  

- t ively;   par t  (c) is f o r  a turbine-inlet  temperature of 2000° R, wlth 

I) 

I 
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Ram-Jet  Performance 

Thrust  per pound of  airflow and over-al l   eff ic iency  for  the ram-jet 
cycle  are  presented  in figures 12 and 13 f o r  hydrocarbon and hydrogen 
fuel,  respectively. Data for  pentaborark  fuel are given in   f i gu res  14 
and 15, based on  assumptions ofequi l ibr ium and frozen  expansion i n   t h e  
exhaust  nozzle,  respectively. P a r t s  (a), (b), and (c) of figures 14 and 
15 are fo r   a l t i t udes  of 40,000, 60,000, and 80,000 feet,  respectively. 
Similar performance for  ethylene decaborane is shown i n   f i g u r e  16 at an 
a l t i tude  of 40,000 feet ,  where par t   (a)  is for  equilibrium expansion and 
par t  *b) for   f rozen expansion. 

Coqmison oC the various fuels over a range- of Mach numbers is  made 
in   f i gu re   17 fa )   fo r  a combustion temperature of 4oOOo R. For a;LL.the 
f u e l s ,  maximum t h r u s t -  per pound of airflow  occurs at a Mach  number of 
approximately 2.75. Engine mer-all efficiency rises rapidly with Mach 
nmber  without  reaching a maximum i n   t h e  range  considered. AB was the 
case  for the turbojet   cycle,   significant  differences  in  both  thrust  and 
efficiency occur wfth the use of different   fuels  because of changes i n  
the  properties of the combustion products. No f u e l  appears t o  be supe- 
r i o r - i n   b o t h  t h r u s t  and efficiency, and the calculated  differences  vary 
with the fl ight  conditions.  

The effect  of  changes i n  combustion temperature i s  shown i n   f i g u r e  
17(b) fo r  a f l i g h t  Mach nmber of 4.0. Figure  17(b)  differs from the 
previously  diecusaed  figures i n  that engine  over-all  efficiency is shown 
88 a function o f  t h r u s t  per pound of a i r f l o w  for  each of the fuels con- 
sidered. The relat ive  superior i ty  of one fue l  over another is seen t o  
depend both on the  combustion temperature and on whether the thrust   per  
pound of airflow or  the over-ell  efficiency i s  taken as the   c r i t e r ion  of 
merit. 

The da ta   fo r  the boron-containing  fuels  given i n  figure 17 i s  for 
equilibrium  expansion i n  the exhaust  nozzle and an a l t i tude  of 40,000 
f e e t  . 

In   f igure  18 the effect  of a l t i tude  on the performance  of a 
pentakorane-fueled ram Jet  is shown. For a combustion temperature of 
2000' R, there is  no a l t i tude   e f fec t  and the  same r e su l t  i s  obtained  for 
both  frozen and equilibrium  expansion. This is  because only  a negligible 
par t  of the B2O3 is vaporized at this temperature. m r e c i a b l e  amounts 
of +03 axe vaporized i n  the conibustor, however, f o r  a conibustion tem- 
perature of 4000' R. Increasing  dt i tude  increases  the amount of vapor- 
izat ion and lowers  the over -d l  engine  efficiency. The recovery of some 
of the heat of vaporization  during  equilibrium  expansion i n  the nozzle 
produces  higher  efficiency and t h r u s t t h a n   i n   t h e   c a s e   o f f r o z e n  expaiision. 
The decreased  preesure accompanying increased  altitudes results i n  more 

I 
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1 vaporized B$3j and, hence, the amount of f u e l  necessary to   ob ta in  a 
given combustion-chamber temperature increases.  This  increased  fuel 

airflow at increased  altitudes,  although at the ewense of decreased effi-  
ciency. This ef fec t  i s  i l lus t ra ted   by   the  data presented i n   f i g u r e  18 
for  equilibrium  expansion and a combustion-chauiber temperature of 4000° R. 

- addition may i n  some cases result in an  increased  thrust  per pound of 

CONCLUDING REMARKS 

Atheore t ica l   ana lys i s  of t he  performance  of the   tu rboje t  and ram- 
jet  cycles  using  vmious  fuels  indicated that, except f o r  rough  approxi- 
mations, it is necessary t o  consider the effects of var ia t ion  i n  
combustion-gas properties and f u e l  mass addition when computing cycle 
performance.  Difference8 i n  ' th rus t  per pound of airflow and engine  over- 
all efficiency of 10 percent or more m a y  exist because  of  these  effects. 

I n   g e n e r d ,  the use  of hydrogen f u e l   r e s u l t e d   i n  a somewhat increased 
t h r u s t  per pound of  afrflow and a slightly  decreased  engine  over-all  effi- 
ciency when compared d t h  a conventional  hydrocarbon  fuel. The boron- 

,a 
I containing  fuels were i n f e r i o r   i n  both thrust   per  pound of  airflow and 
2 engine  over-all  efficiency when compared with a conventional hydrocarbon 

fue l .  The differences in performance obtained using the various  fuels 
were influenced  by the engine  operating  conditions.. - 

For the  boron-containing  fuels at high combustion-chamber tempera- 
twes, equilibrium  expansion i n  the  exhaust  nozzle  gives a greater thrus t  
per pound of airflow and engiue  over-all  efficiency  than  frozen  expansion. 
The difference between equilibrium and frozen  expansion  increases as the 
f l igh t   a l t i tude   increases .  A t  l o w  combustion-chamber temperatures,  equi- 
librium and frozen  eeansion  give  the same performance  and there i s  no 
appreciable  alt i tude effect. 

Lewis Flight  Propulsion  Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, September 26, 1956 
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Figure 1. - Assumed dif'fuser pressure recoveries at various flight. Mach numbers. 
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.(a) Turbine-inlet  temperature, 20W0 R. 

Figure 3. - TwboJet cycle performance wFth hydrocarbon f u e l  (no afterburner).  
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Figure 3.  - Continued. Turbojet cycle performance uith hydrocarbon fuel 
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F 

O .5 1 .o 1.5 2 .o 2.5 3 .O 
FLight Mach number, % 

(c) Turbine- in le t  temperature, 3000' R. 

Figure 3. - Concluded. Turbo jet cycle performance with hydrocarbon fuel 
(no afterburner). 
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(a) Turbine-inlet temperature, 2oo0° R. 

Figure 4. - Wbojet cycle pekonneuce with hydrocarbon fuel. Afterburner temperature, 
35W0 R. 
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(b) Turbine-inlet temperature, 2fjooo R, 

Figufe 4. - C o n t f n u e d .  Turbojet cycle performance wfth hydrOcbOn fuel. 
Afterburner temperature, 3500' R. 
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(c) TurbFne-inlet  temperature, 3000' R. 

Figure 4. - Concluded. Turbojet cycle  performance with hydrocarbon fuel. 
Afterburner  temperature, 3.5000 R. 
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(a) Turbine-inlet temperature, 2000° R. 

Figure 5 .  - Turbojet cycle performance wit21 hydrogen fuel (no afterburner). 
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(b)  Turbine-inlet  temperature, 2500° R. 

Flgure 5. - Continued.  Turbojet cycle performance  with  hydrogen fuel (no 
afterburner). 

I 
! 

! 



20 

h 

0 
0) 

\ 
m 

a 
v 

80 

60 

40 

. 
I 

0 .5 1 .o 1.5 2 .o 2.5 3 .O I 
Flight-Mach number, % 

(c)  Turbine-inlet temperature, 3000' R. 

Figure 5. - Concluded. Turbojet cycle  performance with hydrogen f u e l  .(m 
erfterburuer) . . .  .- 
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(b) Turbine-inlet  temperature, 2500' R. 

Figure 6. - Continued. Turbojet cycle performance  with hydrogen flrel. 
Afterburner  temperature, 35000 R. 
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(c) Turbine-inlet temperature, 3000° R. 

Figure 6. - Concluded. Turbojet  cycle  performance k d t h  hydrogen fuel. 
Afterburner temperature, 35000 R. 
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1.0 1.4 1.8 2.2 2.6 3.0 
Flight Mach number, 

(a) Equilibrium  expansion i n  exhaust nozzle. 

Figure 7. - Turbojet cycle perfonnance with hydrocarbon f ie1 in 
primary cambuetor and pentaborane in afterburner. Rated cam- 
pressor pressure ratio varied with flight Mach number; after- 
burner temperature, 3500° R; altitude, 40,000 feet. 
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( c  1 Fuel-air ratios. 

Figure 7. - C o n c l u d e d .  Turbojet cycle performance 
wLth  hydrocarbon -1 in primary cambustor rtna 
pentaboram in af'terburner. Rated conpressor 
pressure ratFo varied Kith Right I&,& number; 
afterburner temperature, So00 R; altitude, 
40,000 P e t  
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Flight Mach nmiber, % 

(a) Equilibrium -ion in exhaust nozzle. 

Figure 8. - Turbojet cycle performance with pentaborane  fuel. 
R a t e d  compressor pressure ratio varied Kith Mach number; 
altitude, 40,000 feet .  
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(b) Frozen expansion in exhaust nozzle. 

Figure 8. - Concluded. !Turbojet cycle  performance  with penta- 
borane fuel. Rated  compressor preseure mtF0 varled with 
Mach number; altitude, 40,000 feet .  
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.8  1.2 1.6 2.0 2.4  2.8 3.2 
Plight h c h  number, % 

( E )  Equilibrium  expansion  in exhaust,nozzle. 

F:qure 9. - Turbojet  cycle performance with ethylene decaborane  fuel. Rated c m -  
‘Iressor  pressure  ratso varied with flight Mach number; a l t i t u d e ,  40,000 feet. 
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F l i g h t  Msch number, % 

(b) Frozen expcmsion Fn exhaust nozzle. 

Figure 9. - Concluded. Turbojet eycle performance w i t h  ethylene decaborane fuel. 
Rated ccapressor pressure ratio varied with flight Mach number; altltude, 40,oOO 
feet. 
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Figure 10. - Turbojet cycle performance Kith various iuel~. Rated corn- 
pressor presaure p t i o  varied vith flight &ch number; turbine-inlet 
tcmgerature, 2500 R; equilibrium expansion in axhaust nozzle; altitude, 
40,000, feet. 
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4 6 8 10 12 
Rated pressure ratio 

(a) Turbine-inlet temperature, 2000' R; no 
afterburner. 

Figure 11. - E f f e c t  of rated ccarrpressor 
ratio on turbojet  cycle perf'onnance. 
Mach number, 3.0. 
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(b) TurbFne- M e t  temperature, 3000° R; no 
afterburner. 

Figure 11. - Continued.  Effect  of  rated  compressor 
pressure ra t io  on turbojet  cycle  performance. 
Flight Mach number, 3.0. 

I 

I 

f 

I 

I 

I 



34 WCA RM E56119a 

80 

70 

60 

6 8 10 
Rated pressure r a t i o  

12 

( c )  Turbine-inletoteqerature, 2000° R; a f t e r -  
burning to 3500 R. 

Figure ll. - Concluded. Effect of rated com- 
pressor   pressure  ra t io  on turbojet  cycle per- 
fornrance. Flight Mach number, 3.0. 
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Figure 12. - Ram-jet cycle perfonname with hyclmcarbon fuel. 
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Figure 13. - Ram-jet cycle performance aFth hydrogen fuel. 
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(a) Altitude, 40,000 feet. 

Figure 14. - Ram-Jet cycle performance Kith pentaborme fuel. Equi- 
librium expansion in exhaust nozzle. 
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Figure 14. - C o n t i n u e d .  Ram-jet cycle perfornrancs w l t h  pentaboram fuel. 
Equilibrium expansion in exhaust nozzle. 
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(c) Altitude, 80,m feet. 

Figure 14. - Concluded. Ram-jet cycle performance  with pentaborane fuel. 
Equil ibr ium expansion in &suet I m Z Z l C .  
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(a) f i t i t u h ,  40,000 feet. 

Figure 15. - Ram-jetcycle perfarmance w i t h  pentaborane fuel. Pmzen 
expansion in exhaust nozzle. 
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Figure 15. - Continued.  Rem-Jet cycl&-.perfqmnce wfth  pentaborane fuel. 
E'rozen expansion in exhauet nozzle. 
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(c) Altitude, 80,oOo feet. 

Figure 15. - Concluded. Rem-Jet cycle performance with pentaborane fuel. 
Frozen expansion in exhaust nozzle. 
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(a) Equillbriun exge;nsion in exhaust nozzle. 

Figure 16. - Ram-Jet cycle performance with ethylene decaborane fuel. Altitude, 
40,000 feet. 
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(b) Frozen expaneion in exhaust nozzle. 

Figure 16. - Concluded. --jet cycle performance with ethylene decaborane fuel. 
Altitude, 40,000 feet. 

I 

I 



I 

NACA RM E56119a 

. 

2 .o 2.5 3 .O 3.5 
Flight &ch nuniber, % 

(a) Combustion temperature, 4O0O0 R. 

Figure 1 7 .  - Ram-jet cycle performance with 
various fuels. Equilibrium expansion in 
exhaust nozzle; a l t i tude ,  40,000 feet. 
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(b ) Flight Mach number, 4.0. 

Figure 17. - Concluded. Ram-jet cycle performance 
w i t h  various fueh.  Equilibrium expansion Fn 
exhauet.nozzle; altitude, 40,000 feet; 
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-Figure 18. - Effect of a l t i tude  on ram- j e t  cycle  performance 
with pentaborme fuel. . Flight Msch number, 4.0. 
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